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Abstract
Although there are common phonological units across different languages, previous
studies have shown that individual differences of language proficiency affect sound unit
preferences in monolingual and bilingual speakers. The cross-language lexical activation of
phonological representations in bilingual minds can provide a great opportunity for testing
hypotheses about how this key factor modulates the cross-linguistic phonological transfer across
languages. In this study, I used the eye-tracking technique and quantitative methods (i.e., growth
curve analysis and multilevel regression) to examine how individual differences in language
proficiency affect cross-language phonological unit size transfer in Chinese-English bilinguals.
Participants heard a spoken word and were asked to identify its corresponding picture from an
array that included a target picture, a within-language phonological competitor picture, and two
phonologically unrelated control pictures.
Growth curve analysis was used to analyze the proportion of eye fixations to target and
competitor pictures during spoken word recognition. I found that Chinese-English bilinguals
with increased English proficiency showed higher fixation proportions to smaller Chinese
phonological units (i.e., onset and rime units), even though these units are not major processing
units for Chinese spoken word recognition. This result suggested that the variation of the second
language (L2) English proficiency modulated the first language (L1) Chinese phonological
sensitivity to finer-grained unit sizes. Moreover, Chinese-English bilinguals demonstrated higher
fixation proportions to the L1 phonological unit (i.e., the consonant–vowel unit, CV unit) when
they recognized L2 spoken words, reflecting the idea that the CV unit was transferable across
language boundaries, from Chinese to English. This transfer pattern suggests that Chinese-

vii

English bilinguals might employ both L1 and L2 phonological units while recognizing spoken
words. Together, the findings provide evidence that bilinguals co-activated L1 and L2
phonological units and that the cross-linguistic phonological transfer was modulated by
individual differences in language proficiency.
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Chapter 1: Introduction
In the past few decades, cognitive scientists have consistently found that bilingual
speakers cannot switch off one language while communicating in the other language. Instead,
lexical representations from a bilingual speaker’s two languages are simultaneously activated
across all modes of communication, including spoken word recognition (Blumenfeld & Marian,
2007; Marian & Spivey, 2003a, b). For example, when English-Spanish bilingual listeners hear
the English word comb, Spanish words with similar sounds like conejo are temporarily
considered in parallel during spoken word recognition (Blumenfeld & Marian, 2013).
Researchers have proposed that these multiple lexical candidates match the unfolding auditory
input and then compete with one another for spoken word recognition (see models of spokenword recognition, e.g., Cohort model, Marslen-Wilson & Tyler, 1980; TRACE model,
McClelland & Elman, 1986).
A variety of bilingual word recognition models share the assumption that a bilingual
speaker must suppress incorrect candidates within and across languages through a lateral lexical
inhibition mechanism during word recognition. According to these models, incoming sound
information incrementally activates lexical candidates and subsequently resolves lexical
competition among plausible candidates within and between languages (e.g., the Bilingual
Interaction Activation plus model: Dijkstra & Van Heuven, 2002, the Bilingual Language
Interaction Network for Comprehension of Speech: Shook & Marian, 2013, and the Bilingual
Interactive Model of Lexical Access: Grosjean, 1988). Moreover, evidence from previous research
in bilingual spoken word recognition suggests that sub-syllabic units such as onset and rime play a
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privileged role during phonological processing in English, and syllabic units like consonant-vowel;

CV unit) play an important role in Chinese.

1.1

The Sub-syllable as a Phonological Processing Unit in English
In linguistics, different languages’ syllabic structures can be described in terms of

syllabic (e.g., consonant-vowel; CV unit) and sub-syllabic units (e.g., onset and rime units).
Although there are common phonological unit sizes across languages, it cannot be assumed that
all phonological unit sizes are perceptually salient for different language users. Instead, through
exposure to a language, speakers develop a phonological sensitivity to phonological units sizes
(e.g., the syllable, onset, rime, and phoneme)1. For example, English has multiple consonant
clusters in word-initial (e.g., /sk/ in the word “skull”) and word-final positions (e.g., /kst/ in the
word “text”). Through exposure to many words with these complex clusters of consonant
phonemes English speakers develop a perceptual sensitivity to the smaller units (e.g., a CV unit
such as /pɪ/ in the word “pig”) than the larger ones (e.g., an onset unit like /d/ in the word “dog”)
(Treiman, 1995; Treiman & Danis, 1988; Ziegler & Goswami, 2005). This has been
demonstrated by a number of studies using different word recognition paradigms (e.g.,
Allopenna, Magnuson & Tanenhaus, 1998; Dahan & Gaskell, 2007; Dahan, Magnuson, &
Tanenhaus, 2001; Magnuson, Dixon, Tanenhaus, & Aslin, 2007; McMurray, Samelson, Lee, &
Tomblin, 2010). In an implicit priming study on production, English native speakers’ naming
latencies of monosyllables were faster when primes and targets shared the first phoneme (i.e., an
initial consonant), demonstrating that a sub-syllabic unit like a word’s onset is salient at the
lexical retrieval in English word production (O’Seaghda, Chen & Chen, 2010). Similar results
1

Phonological sensitivity is the sensitivity and ability to manipulate the sound structure of oral language. It is one
of several phonological abilities and skills that speakers have to manipulate phonological units like phonemes, onset,
and rime units.
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were observed in another study, using the visual world paradigm (Allopenna at al., 1998). In this
paradigm, participants are presented with displays of four pictures (i.e., a target, two
phonological competitors, and a phonological unrelated control). While participants view the
screen they hear a prompt such as “Pick up the beaker:” The proportion of eye-fixations made on
each object is then calculated. Allopenna at al. (1998) found that participants showed higher
proportions of eye fixation on the onset competitor (e.g., “beetle”, which shared the onset unit
with the target) and the rime competitor (e.g., “speaker”, which shared the rime unit with the
target) relative to the unrelated control (e.g., carriage”, which did not share any phonological unit
with the target).

1.2

The Syllable as a Phonological Processing Unit in Chinese
Languages have certain units that are more important for word parsing than others. For

example, the phonological systems of Mandarin Chinese (hereafter referred to as “Chinese”) and
English differ substantially; speakers of the two languages develop particular sensitivities to
different phonological units. The traditional linguistic approach used in describing phonological
characters of Chinese is quite different from the one in English. First, the Chinese syllable
inventory is very limited. For example, there are fewer Chinese syllables (excluding tones2,
about 420; including tones, about 1300) than the thousands of English syllables (around 12,000),
and the limited numbers of Chinese syllables represent the 40,000 to 80,000 words (Jia & Zhang,
2001). The syllable in Chinese is important because there are relatively few of them and

2

In tone languages such as Mandarin Chinese, tones are the different pitch contours in producing a syllable and the
phonologically contrasting variations in pitch contours are involved in determining the meaning of individual words.
The four lexical tones can be described by their fundamental frequency (F0) patterns as high-level, high-rising, lowfalling-rising, and high-falling. For example, while the syllable /ma1/ in the high-level (the first tone), means
“mother”, the same syllable in the high-rising (the second tone) /ma2/ means “hemp”. The /ma3/ means “mother”
when spoken in the falling-rising (third tone) and the /ma4/ means “horse” when spoken in the fourth tone. The
number indicates tone.
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economical (Tseng, Chen, & Lin, 2006). Second, unlike English in which each word can be
segmented into a sub-syllabic level (e.g., phonemes), each Chinese spoken character directly
represents speech at a syllabic level rather than a sub-syllabic level, which suggests that the
syllable is a primary phonological processing unit in Chinese (Tzeng, 1997). Third, compared to
English, Chinese has a simple syllable structure and relatively fewer vowel repertoires. For
example, English has highly variable syllable structures (e.g., V, CV, VC, CVC, CCCVCC, and
CCCVCCC)3, but Chinese only has four syllable structures (V, CV, VC, and CVC) (Taylor,
2002). Of the simple structures, around 62 % of Chinese lexical syllables are open syllables4
(54% CV, 8% V structure), and approximately 38% of syllables are closed syllables (33% CVC,
5% VC structure) (Li & Liu, 1988). Fourth, extremely clear syllable boundaries and the banning
of re-syllabification (e. g., /tai1nan1/, my hometown Tainan in Taiwan, can not be wrongly
pronounced as /tain1an1/, the number indicates tone) might also make Chinese listeners more
sensitive to the syllabic units, particularly to CV units.
Based on the importance of the syllable in spoken Chinese, one can assume that exposure
to Chinese may sensitize the listener to syllable size units (e.g., the consonant-vowel unit, CV)
rather than sub-syllable size units (e.g., the onset and rime unit). In other words, exposure to
Chinese might lead to more sensitivity to larger size units and less sensitivity to smaller size
units. Evidence for the important role of syllables in Chinese comes from several previous
spoken word recognition studies using different experimental paradigms (e.g., cross-modal
phonological priming and the phoneme monitoring paradigms) (e.g., Tseng et al., 2006; Tseng,
Huang, & Jeng, 1996; Tseng & Taso, 1994). For example, in a phoneme-monitoring task,

3

A syllable is termed the “open syllable” if it does not end in any consonants (e.g., /ma1/, mother); a syllable is
called the “closed syllable” if it has final consonants.
4 The short abbreviations such as C (for consonant) and V (for vowel) represent individual component sounds of a
syllable.
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Chinese listeners are asked to decide whether each speech item contains a phoneme target. In a
series of experiments Tseng and colleagues (Tseng & Taso, 1994; Tseng, Huang, & Jeng, 1996)
had Chinese monolingual adults perform the phoneme-monitoring task and found that phonemes
in the initial position (i.e., onset phoneme /b/) in real syllables (e.g., /ba/) were identified faster
than those in the gaps (e.g., /be2/), or syllables that violate phonotactic rules (e.g., /bia1/, /bia2/,
/bia3/, or /bia4/) and never occur in Chinese, an effect termed the “gap inferiority effect” (e.g.,
Tseng & Taso, 1994; Tseng, Huang, & Jeng, 1996). This provides evidence that the Chinese
speech comprehension system places more emphasis on the syllable than on the sub-syllable.
Similarly, other experimental studies using the cross-modal phonological priming (CMP)
paradigm also confirmed the key role of syllable units in Chinese spoken word recognition. In
the CMP paradigm, listeners hear primes and then make lexical decisions about visual targets.
Tseng et al. (2006) showed that Chinese native speakers’ response times were faster when the
monosyllabic primes corresponded to the first syllable of the disyllabic targets than when they
did not. Moreover, response times were faster when the disyllabic primes were identical to the
disyllabic target (e.g., /bao3hu4/ “to protect”) than when the prime-target pairs shared nothing
(e.g., /xi2guan4/ “habit”). Taken together, these experimental findings can be interpreted as
convergent evidence for the dominant role that syllables play in Chinese spoken word
recognition.
The prominence of syllables is also present in Chinese spoken word production. Evidence
for the critical role of phonemes in spoken word production comes from some experimental
studies employing the implicit priming paradigm (e.g., Chen, Chen, & Dell, 2002). In this
paradigm, Chinese speakers are asked to learn several sets of prompt-response pairs and then
read the response words aloud upon seeing a prompt word, as quickly and accurately as possible.

5

Results showed that Chinese-speaking speakers’ naming latencies of monosyllables or
disyllables were faster when primes and targets shared the same first syllable (e.g., /ke3le4/
“coke” and /ke4ting1/ “living room”), but null effects were present when prime and targets
shared merely the first phoneme (i.e., initial consonant/onset such as /ma1/ “to touch” and /mi4/
“honey”) (see O’Seaghdha, Chen, & Chen, 2010, for a successful replication of the Chen et al.
(2002) earlier experiment). Together with the convergent findings from the above studies in
Chinese spoken word recognition and production, it is fair to conclude that Chinese speakers
appear to use syllable units rather than sub-syllable units as fundamental units of speech
processing.

1.3

Developmental Progression and Cross-linguistic Transfer of Phonological Units
Previous studies (e.g., Anthony & Lonigan, 2004; Anthony, Lonigan, Driscoll, Phillips,

& Burgess, 2003) have shown that English native speakers initially develop higher levels of
English phonological sensitivity to syllabic units (e.g., /kæ/, the consonant–vowel unit of a
English word “cat”) and then decompose the syllabic units into sub-syllabic units (e.g., the onset
“/k/” and the rime “/æt/”). Once they are taught to read, they eventually acquire sensitivity to the
smallest phonological units (i.e., the phonemes: /k/, /æ/, and /t/).
A similar developmental progression has been observed for English non-native speakers
whose first language (L1) is non-alphabetic (i.e., Chinese). For example, Su and Hung (2004)
tested Chinese-English bilingual children (i.e., fifth graders) in three English phonological
awareness tasks, each measuring in the second language (L2) English phonological sensitivity to
a different unit size: individual phonemes, intra-syllabic units and syllabic units. The children
performed best on the measure of syllable-based units and worst on the measure of phonemic
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units. This is consistent with the assumption that early phonological sensitivity to the smallest
units has not yet developed fully.
The sensitivities to phonological units that develop through the first language exposure
modulate phonological sensitivity in the second language. Such cross-language phonological
transfer is most often observed for similar-script bilingual speakers whose L1 and L2 are both
alphabetic languages, such as Spanish-English (e.g., August, Calderon, & Carlo, 2001; Cisero &
Royer, 1995; Durgunoglu, Nagy, & Hancin-Bhatt, 1993; Lindsey, Manis, & Bailey, 2003) and
French-English bilinguals (e.g., Bruck & Genesee, 1995; Comeau, Cormier, Grandmaison, &
Lacroix, 1999). The cross-language phonological transfer effect has also been observed for
languages that do not share a script. For example, Chen (2011) found evidence for a
phonological unit transfer from the first language (L1) Chinese to the second language (L2)
English for Chinese-English bilinguals. This study demonstrated that Chinese-English 7- and 10year-old bilingual children in Taiwan processed an English syllable in terms of an intact core
syllable (i.e., the CV unit) due to the Chinese phonological unit transfer. Based on this study, it is
likely that L1 Chinese phonology (e.g., the CV unit preference) might transfer to L2 English
phonology that varies substantially in phonological unit sizes.
Word production studies have demonstrated that the degree and nature of cross-language
phonological unit transfer varies as a function of L2 proficiency (e.g., Verdonschot, Nakayama,
Zhang, Tamaoka, & Schiller, 2013). For example, using a masked priming naming paradigm,
Verdonschot et al. (2013) found a cross-linguistic influence of L2 phonological grain size units
when produced in the L1 for a sample of highly-proficient Mandarin Chinese-English bilinguals.
Specifically, they observed a significant sub-syllabic priming effect within the L1, Chinese, even
though this is not a major phonological processing unit in Chinese. Chinese target words were
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named faster when preceded by primes with an onset overlap (e.g., /bi1/“to force” −
/ba1/“eight”). They also observed a cross-language influence in the opposite direction − from L1
Chinese to L2 English. In an English primed task, naming latencies occurred faster for targets
preceded by primes that shared the syllable unit − a unit that is relevant for Chinese, but not
English. In summary, Verdonschot et al. (2013) found Chinese-English bilinguals showed both
syllabic (CV) and sub-syllabic onset priming effects when produced in both Chinese and
English, suggesting that they were using both CV- and phoneme-based units when encoding L1
Chinese and L2 English words. Although Verdonschot et al. (2013) examined the role of
proficiency in the phonological unit sizes in bilingual spoken word production, no report so far
has systematically examined the effect of individual differences of language proficiency on
phonological unit transfer in bilingual spoken word recognition. This was the motivation behind
the present study.

1.4

The Bilingual Language Interaction Network for Comprehension of Speech
(BLINCS) model
The BLINCS (Shook & Marian, 2013) is a model of bilingual spoken word recognition.

In this computational model, there are strong interactions across two languages at multiple
representations (i.e., phonological, phono-lexical, ortho-lexical, and semantic processing levels)
through a learning algorithm. The phonological level quantifies the phonemic information5 by
employing the underlying attributes of each phoneme of spoken words (e.g., place of articulation
or voicedness). The phono-lexical level offers phonological information about the syllable
structure of words and the orth-lexical level provides orthographic information about each letter

5

The linguistic term “phoneme” refers to the finest phonological unit in the speech system of a language that
distinguishes meaning.
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within words. The semantic level captures meaning through the word frequency with which
words co-occur with other words. In addition, as illustrated in Figure 1, there are bi-directional
excitatory connections between and within each level of the model, and inhibitory connections at
the phono-lexical and ortho-lexical levels. Although BLINCS can account for a variety of
bilingual phenomena, including cross language interaction at and across multiple levels of
processing, cognate facilitation effects6, and audio-visual integration during spoken word
comprehension (Shook & Marian, 2013), this model does not illustrate how individual
differences of language proficiency affect the cross-language phonological unit transfer.
To the best of my knowledge, there has been no discussion about cross-language
phonological transfer effects in different-script bilingual spoken word recognition for the
BLINCS model. This model was developed based on English and Spanish stimuli and for
Spanish-English bilinguals. A critical concern that has arisen from this model is whether
significantly different language phonological characteristics can modulate bilingual phonological
unit sizes in the L1 and L2 spoken word recognition. The overall goal of the present study was to
fill these knowledge gaps in the BLINCS model by investigating whether such transfers occur
across different script languages and whether the phonological units are modulated by language
proficiency.

6

A large number of current studies have observed a faster and more accurate processing of cognates relative to
matched control words. This is called the cognate facilitation effect.
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Figure 1. The Bilingual Language Interaction Network for Comprehension of Speech model
(BLINCS; Shook & Marian, 2013)

1.5

The Present Study
The overarching goal of this study is to examine whether there is a cross-linguistic

phonological unit transfer between languages and how individual differences of language
proficiency affect this transfer during Chinese-English bilingual spoken word recognition. To
achieve this goal, three hypotheses in the current study were tested. The first hypothesis concerns
the presence of phonological unit transfer for different language writing systems. This hypothesis
stems from a knowledge gap in the BLINCS model and was inspired by a study of Zhou, Chen,
Yang, and Dunlap (2010). In their study, they used word naming and lexical decision tasks to
10

investigate the language nonselective access of phonological representations in Mandarin
Chinese-English bilingual adults. Notably, they found that phonological priming effects were
observed in both word-naming and lexical decision tasks, regardless of the direction (L1 Chinese
to L2 English or L2 English to L1 Chinese) of the prime–target relationship. The priming effects
in both language directions suggest that Chinese-English bilinguals simultaneously activated
phonological representations from both languages, even with language pairs from different
writing systems. According to this finding, one can predict that the cross-language phonological
unit transfer might be observed in different-script bilinguals’ dual languages (i.e., target and nontarget languages) due to the cross-language activation of phonological representations. In
contrast to off-line judgment tasks, the eye-tracking visual world paradigm is time sensitive to
detecting fine-grained phonological units between languages. Thus, the cross-linguistic unit
transfer would be reflected in bilinguals’ eye fixation proportions to different unit sizes during
on-line spoken word recognition.
The second hypothesis is that the transfer of phonological units across languages is based
on processes of accommodation7 in which the unit sizes of both languages are applied in
combination when recognizing spoken words. The second hypothesis is derived from a study of
Verdonschot et al. (2013), which showed that Chinese-English had the accommodation patterns
in both Chinese and English word naming. Therefore the performance of Chinese-English
bilinguals should reflect the application of both syllabic and sub-syllabic8 units when
recognizing spoken words. If, on the other hand, the cross-language transfer of phonological

7

The accommodation processes mean that bilingual listeners can use the first language speech system to
accommodate the speech system of the second language.
8 Ziegler and Goswami (2005) calculated and analyzed the proportion of rime, onset–vowel, and consonant
neighbors among all phonological neighbors for English in the CELEX database. They found that rime neighbors
predominate in English phonology. In contrast, onset–vowel (i.e., CV), and consonant neighbors (i.e., onset) have
lower proportions in English phonological neighbors.
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units is based on processes of assimilation9, then the transfer of phonological units should only
be observed from the dominant language to the less dominant language and not the reverse. In
this case, the performance of Chinese-English bilinguals should only reflect the application of
the preferred Chinese phonological unit (i.e., the syllabic CV unit preference) when processing in
English.
The eye-tracking visual world paradigm provides a highly ecological validity with which
to evaluate the accommodation or assimilation processes underlying phonological unit transfer
across languages that listeners use. Therefore, to test this hypothesis, eye fixation portions to
different phonological units were monitored during spoken word recognition. If there is an
assimilation-based pattern, one should only observe higher eye fixation proportions towards a
syllabic CV unit (Chinese unit preference) while listening to English spoken words. In contrast,
if an accommodation-based pattern is occurring, one should observe higher eye fixation
proportions towards both syllabic CV and sub-syllabic units (e.g., onset and rime units) and
show greater phonological sensitivity to these units during English spoken word recognition.
The third hypothesis concerns individual differences of language proficiency modulated
by phonological sensitivity to different phonological unit sizes. Verdonschot et al. (2013)
demonstrated that English phonology exerts influences on Chinese phonology as a consequence
of a higher level of English proficiency for Chinese-English bilinguals. This finding led to the
third hypothesis. Based on this hypothesis, it was predicted that the spoken word recognition of
proficient Chinese-English bilinguals would be based on both syllabic and sub-syllabic
phonological units. On the other hand, bilinguals with less proficiency in English would not
demonstrate sensitivity to sub-syllabic units (i.e., onset and rime-based units) while listening to
9

The assimilation processes mean that the second language processing mechanism will be assimilated into the first
language.
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Chinese sounds. In other words, greater levels of English proficiency will increase the sensitivity
to sub-syllabic units in both Chinese and English spoken word recognition.
The visual world eye-tracking paradigm is sensitive enough to measure group differences
and stable enough to assess individual differences that cannot be observed in overt responses
(McMurray, Aslin, Tanenhaus, Spivey, & Subik, 2008; McMurray, Clayards, Tanenhaus, &
Aslin, 2008). Because of these advantages, this study employed the paradigm to test the third
hypothesis. Under this hypothesis, we should find that the higher the English spoken language
proficiency, the more eye fixation proportions towards sub-syllabic (i.e., onset and rime units)
while recognizing Chinese spoken words. In contrast, the less proficient the English spoken
language proficiency, the fewer the fixation proportions towards sub-syllabic units during
Chinese spoken word recognition. The eye movements confirm whether individual differences of
the language proficiency play a critical role in determining the assimilation or accommodation
pattern across languages.
For the past four decades, the eye-tracking visual world technique has been one of most
powerful research methods to examine real-time cognitive processing of listeners’ spoken word
recognition (see Huettig, Rommers, & Meyer, 2011, for a comprehensive review). This is
because this paradigm has low memory and executive-function demands and does not require
meta-linguistic decision-making processes of participants (Farris-Trimble & McMurray, 2013).
It is highly ecological to evaluate language skills at a wide range of linguistic levels that listeners
use (e.g., from phonology to semantics). Furthermore, this paradigm can offer highly temporal
eye data and allows researchers to examine the finer details of phonological processing units
during spoken word recognition. Based on these advantages, an increasing number of studies use
the paradigm to investigate on-line lexical access of spoken word recognition.
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The present study uses a combined eye-tracking visual world-negative priming paradigm
to test the above hypotheses. This paradigm consists of two tasks. The visual world (VW) task
has been designed to investigate the phonological sensitivity to different phonological unit sizes
during bilingual spoken word recognition. In order to index the ability to resolve the lexical
competition between phonological competitors, a spatial and location-specific version of the
negative priming (NP) task provides a test of efficiency in the inhibition of preceding
phonological competitors. In this paradigm, participants were asked to perform a simple
look/listen-click task. Eye movements were recorded until they identified the target pictures in
both tasks as they searched through the alternatives in the visual field.
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Chapter 2: English Experiment
2.1

Research Method

2.1.1

Participants
Two groups of participants were involved in this study. All participants (n = 96) received

monetary compensation for their participation. Informed consent was obtained prior to their
participation. The groups were as follows: a group of 70 Chinese-English bilinguals (CH-EN
group) and a group of 26 English-native monolinguals (EN group who served as native controls).
Group summary descriptive statistics are shown in Table 1. All groups of participants were
healthy adults with normal or corrected-to-normal vision, and no self-reported speech or hearing
disorders10.
Participants completed the Language Experience and Proficiency Questionnaire (LEAPQ; Marian, Blumenfeld, & Kaushanskaya, 2007). Although most bilingual studies use
participants’ self-ratings of proficiency and language background questionnaires as the only
source of language proficiency information, the validity of such self-ratings is susceptible to the
influence of additional factors such as whether they are acquired before or after further language
tests or the main experiment (Delgado, Guerrero, Goggin, & Ellis, 1999). A more reliable and
objective measure of spoken language English proficiency can be obtained via the valid and
standardized language tests. Therefore, to avoid any response biases caused by self-ratings, two
standardized English listening sub-tests (Test 1: Picture Vocabulary and Test 2: Verbal
Analogies) of the Woodcock-Muñoz Language Survey-Revised (WMLS-R; Woodcock, MuñozSandoval, Ruef, & Alvarado, 2005) were used to measure participants’ English spoken language
proficiency in this study.

10

A group of Spanish-English bilinguals was also recruited in this study. However, this group was not originally
planned for use in this dissertation. Summary descriptive statistics and language background measures of this group
are retained as Appendix A and B.
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The participants’ language proficiency self-rating in L1 and L2 in the questionnaire and
standardized language tests are described in Tables 2 and 3, displaying mean score and standard
deviation of three groups of participants on their language background measures. ANOVAs were
used to compare the two groups of participants on their L1 and L2 proficiency ratings, their ages,
the age at which they began to learn L1 and L2, the number of years they had become immersed
in L1 and L2 speaking environment (i.e., country), and the percentage of time of L1 and L2 use.

2.1.1.1 Chinese-English Bilinguals
Seventy participants (M = 35.4 years, SD = 10.5 years; 32 males and 38 females) in the
CH-EN group were students and faculty at the University of Texas at El Paso (UTEP) and
Chinese native speakers from local Chinese-speaking communities. Chinese-English bilingual
participants who spoke Chinese as a native language rated their Chinese proficiency at an
average of 8.5 on a scale from 0 to 10 (SD = 0.4) and their English proficiency at an average of 6
out of 10 (SD = 0.3) across listening, speaking, reading, and writing modalities.
Participants were also asked at what age they begin learning both languages. ChineseEnglish bilingual participants reported that they had learned Chinese from birth (M = 1.4 years,
SD = 0.7 years) and English at a later age (M = 11.7 years, SD = 4.6 years). They had an average
Chinese daily language exposure of 56.3 % (SD = 25.6%) and an English daily exposure of 43.9
% (SD = 25.1%). Participants reported spending an average of 28 years (SD = 8.8 years) in a
Chinese-speaking environment and 8.2 years (SD = 8.6 years) in an English-speaking
environment.
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2.1.1.2 English Monolinguals
The participants in the EN group were 26 native English-speaking undergraduate students
at UTEP (M = 20 years, SD = 2.9 years; 8 males and 18 females). English monolinguals who
spoke English as a native language rated their English language proficiency at an average of 9.4
on a scale from 0 to 10 (SD = 0.1) across modalities. They reported they had learned English at
the average age of 2 years (SD = 1 year). Participants indicated spending at an average of 100 %
(SD = 0 %) of their time speaking English and they reported spending an average of 20 years (SD
= 2.9 years) in an English-speaking environment.

Table 1. Participants’ language background measures.
Language Background Measures
Group

CH-EN

EN

F

(n = 70)

(n = 26)

Age (years)

35.4 (10.6)

20.0 (2.9)

F(2, 139) = 60.09 ***

AoA (years)

11.7 (4.6)

2 (1.0)

F(2, 140) = 121.4 ***

Immersion

8.2 (8.6)

20.0 (2.9)

F(2, 138) = 49.41 ***

43.9 (25.1)

100 (0)

F(2, 139) = 79.24 ***

43.0 (9.9)

65.7 (5.6)

F(2, 141) = 117.6 ***

24.9 (6.3)

41.8 (3.8)

F(2, 141) = 155.2 ***

Duration (years)
Daily language
Exposure
(% of time)
Language
Proficiency
Picture Vocabulary

Verbal Analogies
18.1 (4.3)
23.9 (2.6)
F(2, 141) = 42.37 ***
Note. Values in parentheses represent standard deviation; CH-EN = Chinese-English bilinguals; EN =
English monolinguals; LDT = Lexical decision task in English; AoA = Age of acquisition in English
*** p < .0001.
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Table 2. Self-assessed proficiency ratings of Chinese-English bilinguals.
Group

Skill

Chinese

English

Speaking

8.7 (1.6)

5.7 (1.8)

Listening

8.8 (1.4)

6.1 (1.8)

Reading

8.6 (1.8)

6.4 (1.6)

Writing

7.8 (1.6)

5.9 (1.6)

Mean Rating

8.5 (0.4)

6.0 (0.3)

AoA (ages)

1.4 (0.7)

11.7 (4.6)

56.3 % (25.6 %)

43.9 % (25.1%)

28 (8.8)

8.2 (8.6)

CH-EN

Language Exposure
(% of time)
Immersion Duration
(years)
Note. Values in parentheses represent standard deviation; CH-EN: Chinese-English bilinguals; AoA =
Age of acquisition in English
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Table 3. Self-assessed proficiency ratings of English monolinguals.
Group

Measures

English

Speaking

9.4 (0.8)

Listening

9.5 (0.9)

Reading

9.3 (0.9)

Writing

9.3 (0.7)

Mean Rating

9.4 (0.1)

AOA (ages)

2.0 (1.0)

EN

Language Exposure
100 (0)
(% of time)
Immersion Duration
20 (2.9)
(years)

Note. Values in parentheses represent standard deviation; EN: English monolinguals; AoA = Age of
acquisition in English

2.1.2

Experimental Materials
Twenty English target words were selected and digitally recorded by an adult male native

speaker of English (16 bits; 44,100 Hz). Each monosyllabic target word was matched with four
types of competitors. As illustrated in Table 4, targets did not significantly differ in word
frequency [F(4, 95) = 0.208, p = .93], number of phonemes [F(4, 95) = 0.052, p = .99],
orthographic neighborhood sizes [F(4, 95) = 0.527, p = .72], phonological neighborhood sizes
[F(4, 95) = 1.589, p = .18], orthographic neighborhood frequency [F(4, 95) = 1.434, p = .23],
phonological neighborhood frequency [F(4, 95) = 0.395, p = .81], concreteness [F(4, 95) =
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0.292, p = .88], familiarity [F(4, 95) = 0.531, p = .71], or imageability [F(4, 95) = 0.231, p = .92]
from competitors11.
The experimental manipulation of the visual world task consists of four types of English
competitors with English target words which are: (1) a CV competitor overlaps in word-initial
consonant vowel unit but differs in word-final phonemes; (2) an onset competitor has the same
initial onset consonant with its target; (3) a rime competitor shares rime with its target word; (4)
a neural control, which occurs when the target word is presented with three phonologically
unrelated distractors and thus has no competitors. For example, for an English monosyllabic
target word “wig”, the English competitors were “wing” (CV competitor), and “worm” (onset
competitor), “pig” (rime competitor), and “mask or stove” (controls) (see Figure 2).

Figure 2. Examples of different types of competitors in the English visual world task.
11

(1) English word frequency was determined using the SUBTLEX-EN database (Brysbaert & New, 2009):
http://subtlexus.lexique.org/moteur2/index.php (2) Number of phonemes, concreteness, familiarity, imageability
can be accessed at the MRC Psycholinguistic Database (Wilson, 1988):
http://websites.psychology.uwa.edu.au/school/MRCDatabase/uwa_mrc.htm (3) Orthographic and phonological
neighborhood size / frequency were obtained via the CLEARPOND Database (Marian, Bartolotti, Chabal, & Shook,
2012): http://clearpond.northwestern.edu/index.html
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Table 4. Lexical characteristics of English materials.
Measure

Target

CV

Onset

Rime

Control

F(4, 95)

WF

3.0

3.0

2.9

3.0

3.0

0.208

(0.3)

(0.4)

(0.3)

(0.4)

(0.3)

3.4

3.4

3.4

3.4

3.4

(0.5)

(0.6)

(0.6)

(0.5)

(0.5)

14.4

12.5

12.8

13.1

11.0

(7.9)

(7.3)

(7.4)

(8.7)

(6.9)

211.4

86.0

73.1

77.7

114.7

(370.5)

(208.9)

(92.1)

(110.2)

(171.6)

33.4

26.3

25.3

28.1

24.9

(12.4)

(10.9)

(13.3)

(13.2)

(11.7)

140.7

95.4

123.7

132.0

104.8

(133.2)

(114.9)

(139.9)

(145.6)

(135.9)

505.1

553.1

554.5

520.2

531.9

(219.2)

(133.2)

(143.5)

(186.8)

(183.9)

460.3

517.7

517.8

476.4

477.3

(200.1)

(125.8)

(133.4)

(165.7)

(171.8)

503.9

548.9

549.9

528.5

537.4

(219.0)

(134.8)

(140.4)

(183.2)

(184.9)

NP

ONS

ONF

PNS

PNF

CON

FAM

IMG

0.052

0.527

1.434

1.589

0.395

0.292

0.531

0.231

Note. Values in parentheses represent standard deviation; WF: the Log10 of the word frequency; PNS:
phonological neighborhood size; PNF: orthographic neighborhood size; HD: Homophone Density; HM:
Number of Meanings; AoA: Age of Acquisition; CON: Concreteness; FAM: Familiarity; IMG:
Imageability
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2.1.3

Experimental Procedure and Design
Participants were seated at a comfortable distance from a 17-inch LED color monitor

with 1024 × 768 pixel resolution and a screen refresh rate of 75 Hz. They were tested
individually in a quiet testing room. They were asked to perform a look and listen task. They
were instructed that they should listen to the auditory stimuli carefully, and that they could look
at whatever they wanted to, but that they should not take their eyes off the screen throughout the
experiment. Eye movements were recorded as they searched through the task, using an SR
Research EyeLink 1000 eye-tracker with a sampling rate of 1000 Hz. Eye fixations were
recorded from onset of the central fixation point of the visual world display. The recording did
not stop until the participant clicked on the selected target picture. The data from each
participant’s dominant eye were analyzed and coded in terms of fixations, saccades, and blinks.
Blinks were considered as part of fixations.
This study included two eye-tracking experiments using the visual world-negative
priming paradigm (one experiment in the Chinese version and the other experiment in the
English version, see Figure 3). Both experiments used the same experimental equipment,
procedure, and research design. They only differed in the stimuli and the chosen participant. In
the following section, using the Chinese Experiment as an example, the procedure and research
design will be described. Specific auditory stimuli and stimulus pictures were already introduced
in the above materials sections for these experiments.
In each experiment, a combined visual world-negative priming paradigm was used to
evaluate lexical activation and inhibition mechanisms. This experimental paradigm consisted of
two tasks. The visual world task has been designed to investigate the phonological sensitivity to
different phonological unit sizes during bilingual spoken word recognition. To index the ability
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to resolve lexical competition from phonological competitors, a spatial version of the negative
priming task was used. Before performing the official trials, four combined visual worldnegative priming practice trials were conducted that familiarized the participants with the
procedure. After completing the practice trials, participants performed 20 test trials during the
task. A complete list of the test items is provided in Appendix A. The test trial order was
randomized.
The parameters of each visual world-negative priming trial were as follows. In each
visual world task a green fixation cross was presented at the center of the computer screen. After
1000 ms, the green cross became red. To make sure the computer mouse and the eyes were on
the center of the screen before hearing the auditory stimulus, participants were instructed to click
on the red cross (McMurray et al., 2010).
After clicking on the red cross, participants heard the target word via headphones and
clicked on the matching picture in one of the four display quadrants of a visual world task. The
four quadrants contained a target, a phonological competitor, and two phonologically unrelated
distractors (see Figure 3). Positioning of target and competitor pictures in the four quadrants was
counterbalanced across trials. The visual world task remained until participants responded or
after 3000 ms had passed. Immediately following each of the visual world tasks, the negative
priming task appeared and contained four asterisks (one grey asterisk and three black asterisks)
arranged in the same square pattern. Participants then were instructed to identify the grey asterisk
by using a mouse to click on it. Similarly, the negative priming task was terminated when the
participants responded or after 3000 ms.
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Figure 3. The English version of the eye-tracking visual world-negative priming paradigm.
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2.2

Data Analyses
In the eye-tracking visual world studies, researchers are more interested in the eye

fixation proportions that occur in aggregate over a timescale than in other kinds of eye
movement measures (e.g., saccades12). Therefore, this study focused on analyses of eye-tracking
data (i.e., eye fixation proportions) in the visual world task. To determine how participants
efficiently respond targets that appear in locations previously occupied by competitors. Then the
data analyses of the mouse-click (target picture identification) response time and accuracy were
also reported.
Four areas of interest (AOIs) related to the four object pictures (i.e., a target, a
competitor, a control, and two fillers) were defined in the visual world task. Each AOI
corresponded to a 300 × 300 pixel quadrant situated in four quadrants of a visual world task.
Across each visual world task, eye fixations on the four AOIs were identified as object fixations
or non-object fixations. Fixations that fell into one of these AOIs were coded as 0 and 1 at any
time point. For each visual world task of each participant, mean eye fixation proportions were
computed on each AOI for each 50-ms time bin. I only analyzed the fixation proportion data
from the target and the relevant competitor the data from two fillers were not further analyzed.
All analyses in the Chinese Experiment were restricted to the time window from 200 msec (the
earliest point where participants usually launched their eye fixations towards pictures) to 1,900
msec (the point by which fixation proportions tend to asymptote and reach maximum looks to
target). For the English Experiment, eye movement data were analyzed from 200 msec to 1700
msec.

12

Saccades refer to sudden jumps from fixating one object picture to fixating another.
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Two important considerations were taken into account in the data analyses of this study.
First, early eye-tracking visual world studies on spoken word recognition (e.g., Allopenna et al.,
1998) used the statistical analyses such as a subjects-analysis (averaging over items) and an
items-analysis (averaging over items) to analyze the accuracy and response time data with the
repeated-measures analysis of variance (ANOVA). Under this ANOVA approach, the subject
analysis might ignore the by-item random variation and the item analysis might disregard bysubject random variation (Brysbaert, 2007; Raaijmakers, Schrijnemakers, & Gremmen, 1999;
Raaijmakers, 2003). To address these issues, in the current study, I used R (R Core Team, 2013)
and lme4 (Bates, Maechler, Bolker, & Walker, 2014) to perform a linear mixed effects analysis
of the response time and accuracy data.
Second, there are several challenges in analyzing time course data by using traditional
data analysis methods these are time bin-by-time bin t-test and ANOVAs. According to Mirman
(2014), the notorious problems include: (1) bin-by-bin analyses that create a trade-off between
statistical power (more data in each time bin) and temporal resolution (smaller time bins); (2)
subjectivity in choosing time bins for analysis increases experimenter bias; (3) statistical
thresholding (p-values are higher than .05 or less than .05) can turn gradual changes into discrete
differences. Furthermore, it is not appropriate when using the ANOVA to analyze the
longitudinal and repeated-measures data because the data (average fixation proportions) of each
condition across different time bins is non-independent, which violates the ANOVA assumption
of independent observations (Magnuson et al., 2007).
In the present study, this limitation is overcome by using the growth curve analysis
(GCA, so called “multilevel regression”) (Mirman, 2014). The GCA is an effective way to
analyze the time course data that address the above challenges and simultaneously describe and
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quantify the overall time (e.g., continuous effects of time), experimental manipulations of
interest (e.g., fixed effects: the language group, object type, or language proficiency), and
individual differences between individuals within a group or competitor type (i.e., random
effects: participant-level variability or participant-by-condition variability).
I employed orthogonal polynomials to capture the curvilinear form of the non-linear
relationship between the fixation proportions and time course. There are several advantages to
using the GCA. One of the obvious advantages of GCA with orthogonal polynomials is that it
considers the dynamic time course and easily captures the curvilinear shapes of fixation
proportion over time. Orthogonal polynomials are transformations of natural polynomials that
make the individual time terms independent (e.g., remove the correlation between linear and
quadratic time), thus allowing one to effectively compare differences in temporal dynamics of
cognitive processing (see Mirman, Dixon, Magnuson, 2008, for details about the orthogonal
polynomials).
In addition, the GCA helps to quantify differences in the time course for different
experimental manipulations by building hierarchically related sub-models (i.e., level-1 and level2). The level-1 can evaluate the effect of time on the fixation proportions. The level-1 model also
contained fourth-order polynomial time terms: intercept (0th order), linear (1st order), quadratic
(2nd order), cubic (3rd order), and quartic (4th order). Researchers (Mirman et al., 2008; Mirman,
2014) suggest that the intercept term indicates the average height of the curve (i.e., the area
under the curve) of fixation proportions, reflecting the overall lexical activation. The linear
(slope) term indexes the overall angle of the curve of fixation proportions, indicating the
processing speed of lexical activation. The quadratic term reflects the sharpness of a centered
peak, reflecting the symmetric rise and fall lexical activation rate around a central inflection
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point. Moreover, both cubic and quartic terms similarly index the sharpness of the curve around
two or three inflection peaks and capture additional deflections in the curves, reflecting an
earlier-rising (more transient) or late-rising (longer-lasting) lexical activation.
Level-2 is used to assess the effect of the fixed effects (experimental manipulations) and
random effects (item-level or participant-level variability) on the eye fixation proportion over
time. For the fixed effects, each level-2 model would set one of the competitors as a baseline
condition (i.e., phonological unrelated controls) and calculate estimate parameters for each of the
other competitors (e.g., onset, rime, CV competitors) on the level-1 time terms. In this study, the
effects of each of the fixed effects (i.e., competitor type and language proficiency) were
evaluated for each specific time term. In addition, random effects were used to measure
individual participant (and item) effect sizes. Individual effect sizes can then be used to assess
individual differences. The following analysis began with analyses of eye-tracking data (i.e., eye
fixation proportions) in the visual world task. Then the data analyses of the mouse-click (target
picture identification) response time and accuracy were reported.

2.3

Eye Movement Data of the Visual World Task
The overall time course of eye fixations proportions were captured with fourth-order

orthographic polynomials with fixed effects of language proficiency, object type (the target,
onset, rime, CV, and control) on all terms (intercept, linear, quadratic, cubic, and quartic), and
item, participant as well as item-by-participant-by object type random effects on the intercept,
linear, and quadratic terms.
Using the GCA approach, I conducted two separate sets of analyses to examine (1)
whether individual differences of English language proficiency have an effect on the average
fixation proportion over time for the three groups of participants (i.e., English monolingual,
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Chinese-English bilingual, and Spanish-English bilingual groups), and (2) to test whether
English language proficiency has differential effects on different types of competitors in each
group.
I found a significant main effect of English language proficiency on the fixation
proportions for the intercept term (Estimate = -0.00179, SE = 0.0007, p = .0122), reflecting the
idea that individual differences of English language proficiency did affect the overall lexical
activation for all groups. Moreover, there was a significant effect of language proficiency on the
quadratic term (Estimate = -0.0082, SE = 0.0040, p = .0376), suggesting that individual
differences of English language proficiency had an effect on the symmetric rise and fall lexical
activation rate around a central inflection point during the time course of English spoken word
recognition.
Furthermore, I further compared each group’s eye fixation patterns towards the different
phonological units to evaluate how individual differences of English language proficiency exert
differential effects on different phonological units.
For Chinese-English bilinguals, there were significant effects of interaction between
language proficiency and object type on the intercept term for target, rime, and CV units [Target:
Estimate = 0.0020, SE = 0.0007, p = .0069; Rime: Estimate = 0.0026, SE = 0.0011, p = .0150;
CV: Estimate = 0.0025, SE = 0.0010, p = .0150], indicating that a higher L2 English proficiency
might make participants have higher overall fixation proportions on these objects. However, for
the onset unit, there was no significant effect of interaction between language proficiency and
object type on all time terms (see Tables 5 and 6), reflecting the idea that participants did not
have higher overall fixation proportions on the onset even though they increased their L2 English
proficiency.
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As illustrated in Figure 4, there were initially fewer fixation proportions towards rimes
(e.g., “peas”), CV units (e.g., “beak”), and targets (e.g., “bees”) that shifted to the higher fixation
proportions towards these units when Chinese-English bilinguals had the greater L2 English
proficiency. In contrast, fixation proportions towards the onset and its control (e.g., “tent”)
decreased when bilinguals had better English proficiency. The results imply that Chinese-English
bilingual listeners tend to be more sensitive to English rime and CV units rather than the onset
unit when they have greater L2 English language proficiency.

Figure 4. Fixation Proportions to unrelated controls (black lines), competitor (onset, rime, and
CV), and targets for Chinese-English bilinguals. Symbols represent behavioral data; lines
represent full GCA model fits.
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Table 5. Growth curve results for the CV and target.
CV
Model Term
Object
(intercept)
Prof (intercept)
Object × Prof
(intercept)
Object (liner)
Prof (linear)
Object × Prof
(linear)
Object
(quadratic)
Prof (quadratic)
Object × Prof
(quadratic)
Object (cubic)
Prof (cubic)
Object × Prof
(cubic)
Object (quartic)
Prof (quartic)
Object × Prof
(quartic)

Est. (SE)
-0.1082
(0.0466)
-0.0018
(0.0007)
0.0025
(0.0010)
0.0115
(0.2699)
-0.0028
(0.0043)
0.0001
(0.0061)
-0.3715
(0.2750)
-0.0076
(0.0043)
0.0083
(0.0062)
0.0871
(0.2787)
-0.1036
(0.1875)
-0.0014
(0.0063)
0.0013
(0.2642)
-0.0011
(0.0040)
-0.0003
(0.0059)

t
-2.3

p<
0.020*

-2.3

0.019*

2.4

0.015*

0.04

0.966

-0.6

0.518

0.01

0.992

-1.4

0.177

-1.8

0.076

1.3

0.177

0.3

0.755

-0.6

0.581

-0.2

0.820

0.01

0.996

-0.3

0.777

-0.1

0.955

Target
t
-1.7

p<
0.083

-2.6

0.009*

2.7

0.007*

-0.7

0.455

-0.7

0.474

1.6

0.120

-1.7

0.097

-2.1

0.040*

1.7

0.078

-0.6

0.581

-0.7

0.453

0.8

0.438

0.1

0.918

-0.4

0.694

-0.3

0.769

Rime
Est. (SE)
t
-0.1070 (0.0473) -2.3

p
0.024*

Est. (SE)
-0.0554
(0.0320)
-0.0018
(0.0007)
0.0020
(0.0007)
-0.1356
(0.1816)
-0.0028
(0.0039)
0.0065
(0.0042)
-0.3013
(0.1814)
-0.0079
(0.0038)
0.0072
(0.0041)
-0.1036
(0.1875)
-0.0030
(0.0040)
0.0033
(0.0043)
0.0179
(0.1733)
-0.0014
(0.0036)
-0.0011
(0.0039)

Note. *p < .o5

Table 6. Growth curve results for the onset and rime unit.
Model Term
Object
(intercept)
Prof (intercept)
Object × Prof
(intercept)
Object (liner)
Prof (linear)
Object × Prof
(linear)

Onset
Est. (SE)
t
-0.0292 (0.0485) -0.6

p
0.547

-0.0018 (0.0007)
0.0008 (0.0011)

-2.4
0.7

0.014 *
0.493

-0.0018 (0.0007)
0.0026 (0.0011)

-2.4
2.4

0.015*
0.015*

0.0570
(0.2852)
-0.0026
(0.0042)
-0.0019
(0.0066)

0.2

0.842

-0.6

0.536

-0.6

0.544

-0.6

0.530

-0.3

0.775

-0.1636
(0.2644)
-0.0027
(0.0043)
0.0046
(0.0060)

0.8

0.447
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Object
(quadratic)
Prof (quadratic)
Object × Prof
(quadratic)
Object (cubic)
Prof (cubic)
Object × Prof
(cubic)
Object (quartic)
Prof (quartic)
Object × Prof
(quartic)

-0.4698
(0.2822)
-0.0072
(0.0043)
0.0102
(0.0065)
0.0157
(0.2895)
-0.0021
(0.0045)
0.0012
(0.0066)
-0.3018
(0.2794)
-0.0006
(0.0041)
0.0068
(0.0064)

-1.7

0.096

-1.7

0.092

1.6

0.117

0.1

0.957

-0.5

0.645

0.2

0.854

-1.1

0.280

-0.1

0.886

1.1

0.284

-0.0934
(0.2655)
-0.0079
(0.0042)
0.0023
(0.0060)
-0.3271
(0.2783)
-0.0025
(0.0044)
0.0095
(0.0063)
0.1489
(0.2642)
-0.0011
(0.0040)
-0.0022
(0.0060)

-0.4

0.725

-1.9

0.063

0.4

0.700

-1.2

0.240

-0.6

0.564

1.5

0.132

0.6

0.573

-0.3

0.776

-0.4

0.717

Note. *p < .o5

Similarly, for English monolinguals I didn’t observe any significant effect of interaction
between language proficiency and object type on any of the time terms (all ps > .064), indicating
that the individual differences of English native proficiency did not affect the phonological
sensitivity to different grain sizes during L1 English spoken word recognition. As illustrated in
the panels of Figure 5, the model fit for different competitors and their controls were almost
parallel with each other, regardless of levels of proficiency. The results show that individual
differences of English language proficiency did not modulate the phonological sensitivity to the
different units in English monolingual listeners.
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Figure 5. Fixation Proportions to unrelated controls (black lines), competitor (onset, rime, and
CV), and targets for English monolinguals. Symbols represent behavioral data; lines represent
full GCA model fits.
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2.4

Behavioral Response Data of the Negative Priming Task

2.4.1.1 Response Time
Chinese-English bilingual results showed that participants did not identify priming probes
in positions previously occupied by phonological competitor any slower than priming probes
(phonological competitor probes) in positions previously occupied (control probes) by their
control pictures for all conditions (all ps > .95) (see Table 7). Moreover, none of the main
language proficiency or interaction effect among condition and language proficiency reached
significance (all ps > .92), suggesting L2 English proficiency did not affect the participant’s
response times for all conditions. English monolinguals’ response times did not differ between
control and phonological competitor probes for all conditions (all ps > .99). Furthermore, none of
the main language proficiency or interaction effect among condition and language proficiency
reached significance (all ps > .94), reflecting the fact that L2 English proficiency did not
modulate the participant’s response time for all conditions.

Table 7. Mean response time for the mouse click response in the English negative priming task.
Condition

CH-EN

EN

CV-IH

880.0 (214.8)

890.4 (227.1)

CV-Control

888.6 (230.3)

874.3 (232.6)

Onset-IH

891.0 (229.5)

882.2 (213.0)

Onset-Control

884.8 (233.5)

873.6 (212.9)

Rime-IH

886.3 (227.7)

890.5 (210.7)

Rime-Control

894.7 (225.7)

879.6 (222.3)

Unrelated-IH

890.1 (233.7)

878.3 (216.1)

Unrelated-Control
887.1 (231.0)
893.9 (247.7)
Note. Values in parentheses represent standard deviation. IH= inhibition condition; Control = Neutral
Condition
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2.4.1.2 Accuracy
For Chinese-English bilinguals, none of the main or interaction effect reached
significance, all ps > .37. Likewise, for English monolinguals, none of the main or interaction
effect reached significance, all ps > .20.

2.5

Discussion
Results from growth curve analyses have shown that Chinese-English bilinguals with the

increased English proficiency co-activated Chinese and English phonological units from both
languages. The result demonstrated that the accommodation pattern might stem from a crosslinguistic co-activation of phonological units between Chinese and English. In particular, there is
a cross-language phonological unit transfer from Chinese phonology to English phonology while
listening to English spoken words, even though the CV unit is not the major processing unit for
English. Moreover, the results confirmed the important role of language proficiency and the first
language phonological characteristic in determining such cross-language phonological units
transfer across languages. Taken together, the results support the current study’s hypotheses. In
the general discussion, I will further discuss how the findings refine and reshape the current
bilingual spoken word model such as BLINCS by pointing out theoretical implications of the
results.
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Chapter 3: Chinese Experiment
3.1

Research Method

3.1.1

Participants
The same Chinese-English bilingual participants were used in the Chinese Experiment as

were used in the English Experiment.

3.1.2

Experimental Materials
Chinese auditory stimuli were monosyllabic words spoken by an adult male Chinese

native speaker, digitally recorded at 16 bits with a sampling rate of 44,100 Hz. In the visual
world task, the four pictures on the screen contained a target, a phonological competitor, and two
phonologically unrelated distractors. Twenty Chinese target words were selected, and each target
word was matched with five types of competitors. Targets did not significantly differ in word
frequency [F(7, 133) = 1.317, p = .25], homophone density [F(7, 108) = 2.025, p = .06], number
of meanings [F(7, 108) = 1.866, p = .08], age of acquisition [F(7, 108) = 0.679, p = .69],
concreteness [F(7, 108) = 1.380, p = .22], familiarity [F(7, 108) = 0.364, p = .92], and
imageability [F(7, 108) = 1.033, p = .41] from competitors13.
As shown in Table 8, five competitors were manipulated per Chinese target word: (1) a
syllabic competitor overlapping in all phonemes but differing in tone from the target word; (2) a

13

Chinese word frequencies were determined using the SUBTLEX-CH database (Cai, & Brysbaert, 2010):
http://crr.ugent.be/isubtlex_ch/ and homophone density, number of meanings, age of acquisition, concreteness,
familiarity, imageability can be accessed at the Chinese Single-character Word Database (Liu et al., 2007):
http://blclab.org/pyscholinguistic-norms-database/
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CV competitor overlapping in word-initial consonant vowel unit, and tone but differing in wordfinal phonemes; (3) an onset-shared competitor, sharing word-initial onset consonant and tone
but differing in rime; (4) a rime-shared competitor, sharing rime and tone but differing in wordinitial phonemes; (5) a tone-shared competitor, sharing only tone but differing in all phonemes;
(6) a neutral control, wherein the target word was presented with three phonologically unrelated
distractors and no competitors. For example, for the target words 菇 /gu1/ “mushroom”, the
syllable competitor was: 鼓 /gu3/ “drum”. Other competitors were 龜 / gui1/ “turtle” (CV
competitor), 鴿 /ge1/ “pigeon”(onset competitor), 禿 /tu1/ “bald” (rime competitor), 蛙 /wa1/
“frog” (tone competitor) and 蒜 /suan4/ “garlic” (control) (see Figure 6).

Figure 6. Examples of different types of competitors in the Chinese visual world task
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Table 8. Lexical Characteristics of Chinese materials.
Measures

Target

Syllable

CV

Onset

Rime

Tone

Control

F(7, 108)

WF

2.7

2.8

2.6

2.6

2.3

2.7

2.6

1.317

(0.5)

(0.7)

(0.9)

(0.6)

(0.7)

(0.7)

(0.8)
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40.7

23.4

21.4

37.2

28.6

25.9

(37.0)

(34.6)

(17.6)

(17.5)

(31.4)

(24.5)

(22.3)

2

2.7

2.7

1.6

2.3

2

2.2

(1)

(1.2)

(1.2)

(1.0)

(1.0)

(1.2)

(1.0)

3.6

3.6

3.6

3.9

3.8

3.6

3.9

(0.7)

(0.6)

(0.9)

(0.6)

(0.6)

(0.7)

(0.9)

6.4

6.1

6.3

6.3

5.9

6.3

6.4

(0.5)

(0.7)

(0.5)

(0.6)

(0.6)

(0.6)

(0.4)

6.4

6.5

6.5

6.5

6.3

6.5

6.4

(0.5)

(0.5)

(0.3)

(0.4)

(0.4)

(0.4)

(0.5)

6.3

6.1

6.4

6.4

6.1

6.4

6.4

(0.5)

(0.7)

(0.5)

(0.5)

(0.6)

(0.5)

(0.3)

HD

NM

AoA

CON

FAM

IMG

2.025

1.866

0.679

1.380

0.364

1.033

Note: Values in parentheses represent standard deviation; WF: the Log10 of the word frequency; HD:
Homophone Density; HM: Number of Meanings; AoA: Age of Acquisition in Chinese; CON:
Concreteness; FAM: Familiarity; IMG: Imageability

3.1.2

Experimental Procedure and Design
The same visual world-negative priming paradigm in the Chinese Experiment was also

employed in the English Experiment. As illustrated in Figure 7, the visual world task of the
English Experiment contained line drawings of four concrete pictures: a target, a competitor, and
two unrelated distractors. Similarly, the negative priming task was immediately displayed after
the presentation of the visual world task.
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Figure 7. The Chinese version of eye-tracking visual world-negative priming paradigm.

3.2

Eye Movement Data of the Visual World Task
For Chinese-English bilinguals, the overall time course of fixation proportions towards

objects was captured with fourth-order orthogonal polynomials with fixed effects of language
proficiency and object type (the target, onset, rime, CV, syllable, tone, and control) on all terms
(the intercept, linear, quadratic, cubic, and quartic), and item, participant, and item-by-participant
and by object type random effects on the intercept, linear, and quadratic term.
In this Chinese experiment, I conducted the GCA to examine whether individual
differences of L2 English language proficiency have an effect on the phonological sensitivity to
different types of Chinese phonological units in the Chinese-English bilingual participants. There
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was a marginally significant effect of interaction between language proficiency and object type
on the intercept time term for the rime unit (Estimate = 0.0022, SE = 0.0011, p = .0510),
reflecting the idea that the higher L2 English language proficiency might lead to the greater
overall fixation proportions for the rime competitor as compared to the unrelated control.
There was also a significant interaction between language proficiency and object type
on the cubic term for the onset unit (Estimate = 0.0178, SE = 0.0079, p = .0250), revealing the
impact of individual differences of L2 English proficiency in the time course of fixations towards
the onset unit rather than rather than on overall fixation proportions of it. As illustrated in the
panel of the Figure 8, the effect was strongest on the cubic term reflecting the idea that the higher
L2 might make Chinese-English participants become more sensitive to the onset unit (i.e., the
later short-lasting lexical competition to the onset) than to the unrelated control at the extremities
of the curves.
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Figure 8. Fixation Proportions to unrelated controls (black lines), competitor (onset, rime, CV,
syllable, and tone), and targets for Chinese-English bilinguals. Symbols represent behavioral
data; lines represent full GCA model fits.

3.3

Behavioral Data of Chinese Native Priming Task

3.3.1

Response Time
Results showed that Chinese-English bilingual participants did not identify phonological

competitors slower than control probes for all conditions (all ps > .95). Again, neither language
proficiency nor its interaction with each condition was significant (all ps > .92), suggesting idea
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that L2 English proficiency did not affect the participant’s response time for all conditions (see
Table 9).

Table 9. Mean response time for the mouse click response in the Chinese negative priming task.
Condition
CV

Onset

Rime

Control

IH

Control

IH

Control

IH

1018.6

972.8

974.0

1001.5

993.2

990.2

(315.6)

(257.2)

(251.3)

(306.2)

(252.0)

(267.1)

Syllable

Tone

Control

IH

Control

IH

966.4

987.6

1009.8

1027.5

(245.2)

(282.3)

(258.3)

(254.4)

Note. Values in parentheses represent standard deviation. IH= inhibition condition; Control = Neutral
Condition

3.3.2

Accuracy
None of the main or interaction effect reached significance, all ps > .15.

3.4

Discussion
The results based on the growth curve analysis have indicated that L1 Chinese speech

system can be refined by L2 English language proficiency. In other words, the L1 speech system
is open and malleable. This novel finding showed that individual differences of second language
proficiency affected first language sensitivities to onset and rime units regardless of this task’s
requirement to use Chinese alone. Again, the results are in line with the hypotheses of the present
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study. I will present a general discussion of how the findings can be integrated into the BLINCS
model what is unknown about the role played by the variation of second language proficiency
during bilingual spoken word recognition, and the relation between first and second language
speech systems more generally.
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Chapter 4: General Discussion
The present study used the eye-tracking visual world-negative priming paradigm to
examine the finer details of phonological processing units during bilingual spoken word
recognition in Chinese-English bilinguals. This study aimed to investigate whether ChineseEnglish listeners co-activate L1 and L2 phonological unit sizes and how the individual
differences of L2 proficiency affect the L1 phonological sensitivity towards different unit sizes
during bilingual spoken word recognition. We address these questions by testing three
hypotheses.
There are three major findings for this study. Consistent with the first hypothesis is the
idea that L1 Chinese has a clear cross-language phonological unit transfer effect on L2 English
phonological sensitivity towards the larger unit (i.e., CV unit). Eye movement data demonstrated
that the phonological unit is transferable across language boundaries for Chinese-English
bilinguals and this parallels response time results of Verdonschot and colleagues (2013) with
Chinese-English bilinguals who have high English language proficiency. For example, in the
English Experiment, higher eye fixation proportions towards both syllabic (CV) and sub-syllabic
(rime) units and lower accuracy for these two units during English spoken word recognition
provided evidence that Chinese-English bilinguals simultaneously employed CV and rime unit as
fundamental processing units while recognizing English spoken words. The results are in line
with previous spoken word production research showing that L1 phonology exerts crosslanguage influences on L2 target processing (e.g., Verdonschot et al., 2013; Zhou et al., 2010).
The results demonstrated that Chinese-English bilingual adults with increased English
language proficiency show greater levels of phonological sensitivity to rime and CV units when
they comprehend English spoken words. This result extends the findings of Chen (2011) on
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Chinese-speaking children learning English as a foreign language (EFL). His study showed that
Chinese EFL children used the core syllable (i.e., the CV unit) to sub-divide an English spoken
syllable. In other words, the CV unit preference served as a major phonological processing unit
when Chinese EFL children process an English syllable. Therefore, his result seems to be
consistent with the assimilation hypothesis: bilingual listeners transfer the L1 phonological unit
when they are listening to L2 spoken words. In contrast, the current study suggested L1 and L2
phonological units co-occurred in L2 spoken word recognition a novel finding that supported the
accommodation pattern instead of the assimilation pattern, a finding consistent with the second
hypothesis of this study. In short, the results clearly demonstrated that Chinese-English
bilinguals not only activated the rime unit but also the CV unit while listening to English spoken
words, even though the CV unit is not a major phonological processing unit in English. The
higher sensitivity to the CV unit might stem from the cross-language phonological unit transfer
from Chinese to English.
The differing results between Chen (2011) and the present study might be attributed to
many participants’ language background factors such as their levels of English language
proficiency, chronological ages, age of acquisition of English, as well as English daily exposure.
For example, Chen (2011) tested non-immersed EFL children who lived in Taiwan (a Chinesespeaking and Taiwanese-speaking environment) rather than those in an English-speaking
environment. This Chinese-speaking environment might lead to Chinese EFL children being
more sensitive to the CV unit rather than onset and rime units. On the contrary, Chinese-English
bilingual adults in the current study have immersed themselves in the US for several years (for
eight years on average) and speak English as L2 in their everyday lives. Thus, it is possible that
more exposure to English spoken language in an English-dominant environment might lead to
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more sensitivity to smaller phonological size units because English spoken syllables have a
highly complex phonological structure at the level of the phoneme (e.g., a number of consonant
clusters and consonant combinations) and thus focus on the finer grain sizes such as rimes or
onsets.
The second critical finding is that the L2 English proficiency played a crucial role in
determining the assimilation or accommodation pattern for Chinese-English bilinguals. The
present finding also supports the third hypothesis that language proficiency plays a crucial role in
modulating the phonological unit transfer across languages. Two possible explanations may
account for the finding that Chinese-English bilinguals with higher English proficiency show the
accommodation pattern in their L2 spoken word recognition. The existence of an
accommodation-based pattern might be due to the fact that the higher English proficiency might
boost the magnitude of cross-language activation of phonological information thus we observed
the co-activation of phonological unit sizes of rime and CV. In other words, Chinese-English
bilinguals simultaneously co-activated different phonological unit sizes from both languages
when they have higher L2 English proficiency. It is therefore possible that individual differences
in L2 or non-target language proficiency are a possible source of changes in the strength of
bilingual cross-language lexical activation, a point that is supported by previous studies on word
recognition and word naming (Brenders, Van Hell, & Dijkstra, 2011; Van Hell & Dijkstra, 2002;
Jared & Kroll, 2001; Jared & Szucs, 2002). Because of the stronger connection among
phonological representations between languages, we might expect to observe the phonological
unit transfer from L1 to L2.
It is also possible that the L1 speech system is not sufficient to handle the phonological
processing demands of the L2 sounds and that the L1 system needs to recruit the appropriate
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sound unit (e.g., the rime unit) to accommodate the L2 listening. On the other hand, if the L1
speech system is sufficient to handle the phonological processing demands of the L2 sounds, the
L2 sound unit will be assimilated into the L1 sound unit. That is, the L1 sound unit would take
over the less efficient processing unit in the L2 because of the more efficient processing of the
L1 sound unit. My finding provides evidence that the former might provide a better explanation
of the accommodation pattern.
However, for Spanish-English bilinguals, I did not observe the effect of individual
differences of L2 English proficiency on L1 Spanish phonological sensitivity to different
phonological units. I suspect this result might be due to there being no substantial individual
differences in L2 English proficiency. If this is so, it would be difficult to observe how the
variation in English language proficiency affects the cross-language phonological transfer in
Spanish-English bilinguals.
The third critical finding is that the individual difference in L2 proficiency modulated the
L1 phonological sensitivity to smaller unit sizes during L1 spoken word recognition. The result
showed that differences in English proficiency influence Chinese phonological sensitivities
towards the onset and rime unit while recognizing Chinese spoken words. Although none of the
previous studies directly investigated how the language proficiency affected the phonological
sensitivity unit in bilingual spoken word recognition, the finding seems to be consistent with
previous findings on bilingual spoken word production (e.g., Verdonschot et al., 2013; Zhou et
al., 2010). One explanation for this result may be that a higher spoken language proficiency (or
larger oral vocabulary sizes) demands the development of more specific and detailed
phonological representations in order to differentiate phonologically similar words in memory
(Jusczyk, Pisoni, & Mullennix, 1992; Metsala & Walley, 1998)
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The present study provides compelling evidence on how different levels of L2
proficiency modulate L1 phonological sensitivity to finer unit sizes, even though these units are
not major processing units in the L1 speech system. The cross-language phonological unit
transfer from L2 to L1 may be also due to a greater magnitude of cross-linguistic interaction of
lexical activation in bilinguals with increased L2 proficiency. This idea converges with results of
a study conducted by Blumenfeld and Marian (2007). Using a visual world paradigm, they tested
German-English and English-German bilingual adults and they found that only German-English
bilinguals (German L1, native German proficiency), and not English-German bilinguals (English
L1, lower German proficiency), co-activated the German phonological competitors when
processing English targets. This result showed a stronger effect of the cross-language activation
in the performance of the high-proficiency, German-English bilinguals but no effects for the
lower German proficiency, native English speakers.
Moreover, the finding of my study is in line with previous studies specifically comparing
the relative proficiency of high and low proficiency bilinguals’ cross-language activation
strength during spoken word recognition. In an eye-tracking visual-world study by Spivey and
Marian (1999) highly proficient Russian-English proficient bilingual adolescents made more eye
movements to the competitor picture “marker” (this English word shares initial phonemes with
the Russian word “marka”) than to the phonologically unrelated pictures when they heard the
Russian word “marka” in an L1 Russian spoken sentence “Poloji marka nije krestika” (Put the
stamp below the cross). The authors concluded that this reflected cross-linguistic phonological
activation and competition (also see Marian & Spivey, 2003a, 2003b, for similar cross-language
lexical activation and competition with bilinguals). Using a similar visual world paradigm,
however, another study had a different result. Weber and Cutler (2004) had a group of Dutch-
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English bilingual college students carry out instructions in both Dutch and English. They found
that on hearing the L1 Dutch word deksel, bilinguals did not look more frequently at the picture
of the L2 English desk than at phonologically unrelated distractors. One plausible explanation for
this opposite pattern is the variation of L2 proficiency for different participants used in the two
studies. It should be noted that the Russian-English bilinguals of the Marian and Spivey (1999)
study were high proficient Russian-English bilinguals (who were also early immigrants and also
recruited from the US). In contrast, the less proficient Dutch-English bilinguals in Weber and
Cutler (2004) were lower English proficiency bilinguals having spent most of their time in the
Netherlands speaking Dutch rather than English. This suggests that levels of second language
proficiency may determine to what extent bilinguals activate cross-language lexical
representations from a non-target language.
Taken together, based on the findings of my study together with Blumenfeld and Marian
(2007), Spivey and Marian (1999), as well as Weber and Cutler (2004), we concluded that the
individual differences of L2 language proficiency impacted the cross-language activation and
determined to what extent bilinguals activate cross-language lexical representations in a nontarget language. The higher L2 proficiency might demand that they develop high-quality,
detailed, and precise phonological representations to fine-grained unit sizes and make the
specific units easily transfer between languages due to greater levels of lexical co-activation.
In addition, an increase in proficiency in L2 (i.e., more intensive exposure to L2) might
co-occur with a decrease in proficiency in L1, particularly when the bilinguals become immersed
in a second-language environment (e.g., Dussias & Sagarra, 2007; Linck, Kroll, & Sunderman,
2009). This interesting observation from previous studies was also demonstrated in eye
movement patterns of the Chinese Experiment in the present study. The result showed that
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Chinese-English bilinguals did not have a high sensitivity to the Chinese language specific units
(i.e., the CV, syllable, and tone unit) in recognizing Chinese spoken words when they become
more proficient in the L2 English. Therefore, I suspect an increase in English language
proficiency might lead to a decrease in Chinese language proficiency, which makes ChineseEnglish less sensitive to larger phonological unit sizes.
Although eye movement data have produced important experimental findings about the
sound unit of bilingual spoken word recognition, eye movements can only provide a semicontinuous record rather than a continuous one (Spivey, 2007). This fact may restrict the results
of this study. In contrast, event related potentials (ERPs) data are advantageous as they provide a
continuous measure of phonological processing as spoken words unfold (Malins et al., 2014).
The cognitive neuroscience approach is therefore well suited to future research that aims to
investigate which specific cognitive processes of bilingual spoken word recognition differ
between sound unit sizes.
With regard to the ability to resolve phonological competition, results from the negative
priming task showed that the three groups of participants were equally efficient at resolving
competition, and no differences in disambiguating phonological competition were reflected in
response time and accuracy to inhibition probes. Importantly, within each group, the individual
differences of language proficiency did not have a significant effect on the phonological
disambiguation ability to different unit sizes used in spoken word recognition. These results
indicated that bilinguals would not differ in their ability to resolve phonological competition on
different units sizes in the L1 and L2 listening.
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What contribution does this present study make at the theoretical level? This study fills
the knowledge gaps in the current spoken word recognition models. Although there are spoken
word recognition models (e.g., the Bilingual Language Interaction Network for Comprehension
of Speech model, BLINCS; Shook & Marian, 2013) that have described how the cross-lingual
interactions between languages are influenced by lexical frequency and neighborhood density,
the BLINCS model does not describe the different phonological unit size and how phonological
unit transfer between languages in different-script bilinguals such as Chinese-English bilinguals.
It is unclear how the variation of language proficiency affects the phonological sensitivity to
different units.
Based on the results of this study, the modified version of BLINCS is illustrated in Figure
9. This modified BLINCS should include the language proficiency that allows for an effect of
language proficiency on phono-lexical representation during spoken word recognition. Two
levels of phonological units (i.e., syllabic and sub-syllabic units) are also included in the phonolexical representation. Bilingual listeners with increased language proficiency co-activated
syllabic and sub-syllabic phonological units while recognizing spoken words in both languages.
However, how do bilingual listeners activate and select different phonological units during their
spoken word recognition? At the phonolo-lexical representation, it is possible that the selection
of phonological unit by language operates top-down, by selectively enhancing the activation
level of phonological units in one language (and/or inhibiting those in the other language).
Language nodes perform this function by extracting phonological information from the auditory
stimulus to recognize spoken words that are from one or the other spoken language. Thus, the
modified BLINCS implements phonological processing unit selection through top-down control
from language nodes to the phono-lexical level representations. Moreover, according to the
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results of the current study, language proficiency might enhance the activation level of
phonological units and make the phonological units more perceptually salient for listeners. The
architecture of the proposed model is shown in Figure 10.

Figure 9. The modified version of the BLINCS.
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Figure 10. The proposed model of bilingual spoken word recognition.
To date, while some important steps have been taken towards current models of bilingual
spoken word recognition, the research reported in this study raises further questions and
motivates future work. First, it would be insightful to more adequately characterize whether there
are developmental differences in bilingual children versus adults resolved phonological
competition based on shared CV, onsets, or rimes. Second, it would be important to investigate
what are the effects of Chinese-English bilingual speakers’ diverse societies, language
backgrounds, or language instructions (e.g., received different types of phonic instruction) affect
the phonological sensitivity toward different sound units. Across different Chinese societies
(e.g., Taiwan, Singapore, Hong Kong, and China), learning to Chinese by different learning
experiences and teaching methods (e.g., rote memorization such as “look and say” or phonetic
symbols like “Hanyu Pinyin” and “Zhuyin Fuhao”). For example, Hanley and Huang (1997)
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reported that Taiwanese children significantly outperformed than children from Hong Kong
where Zhuyin Fuhao was not taught. These differences of teaching methods may cause
differences in phonological ability and sensitivity to different sound units. Third, a future study
should examine the extent to which increased L1 proficiency causes a decreased on L2
phonological sensitivity in another group of different-script bilinguals (e.g., Japanese-English or
Korean-English bilinguals). This needs to be done in order to fully understand how the
individual difference of L2 proficiency and diverse L1 language background dynamically affect
the phonological sensitivity to different unit sizes. Furthermore, it is necessary to develop current
connectionist models to account for the data patterns of different-script bilingual spoken word
recognition in the near future.
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Appendix A
Table 10. Languages background measures of Spanish-English bilinguals (n = 46).
Language Background Measures

Woodcock-Muñoz Language Survey-Revised

Age (years)

20.7 (5.3)

Language Proficiency

62.9 (6.3)

AoA (years)

2.8 (2.2)

Picture Vocabulary

39.3 (4.0)

Immersion Duration (years)

19.8 (6.0)

Verbal Analogies

23.6 (3.0)

Daily language Exposure

77 (19.8)

(% of time)
Lexical Decision Task
LDT Response Times (ms)

722.0

LDT Percentage of Correct Responses

75.0

(120.4)

(%)

(9.2)

Note. Values in parentheses represent standard deviation; SP-EN = Spanish-English bilinguals; LDT =
Lexical decision task in English; AoA = Age of acquisition in English

64

Appendix B
Table 11. Self-assessed proficiency rating of Spanish-English bilinguals (n = 46).
Group

SP-EN

Measures

Spanish

English

Speaking

5.6 (2.6)

9.2 (0.7)

Listening

6.9 (2.3)

9.3 (0.8)

Reading

5.1 (2.7)

9.0 (0.9)

Writing

4.8 (2.7)

9.0 (0.9)

Mean rating

5.6 (0.9)

9.1 (0.2)

AoA (ages)

5.2 (4.4)

2.8 (2.2)

25.7 (21.1)

77.0 (19.8)

12.8 (9.8)

19.8 (6.0)

Language
Exposure
(% of time)
Immersion
Duration (years)
Note. Values in parentheses represent standard deviation; SP-EN: Spanish-English bilinguals; AoA = Age
of acquisition in English
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Appendix C
Results of the English Experiment in Spanish-English bilinguals
Eye Movement Data of the English Visual World Task
For Spanish-English bilingual listeners, there were no significant effects of interaction
between language proficiency and object type on any of the time terms (all ps > .095), reflecting
fixation proportions towards any types of objects were not modulated by individual differences
of L2 English proficiency. As can be seen in the panels of Figure 11, the model fit (solid lines in
colors) for all competitors did not change significantly with participants’ L2 English language
proficiency, showing that the phonological sensitivity to different phonological units was not
modulated by individual differences of English proficiency in Spanish-English bilinguals.
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Figure 11. Fixation Proportions to unrelated controls (black lines), competitor (onset, rime, and
CV), and targets for Spanish-English bilinguals. Symbols represent behavioral data; lines
represent full GCA model fits

Behavioral Response Data of the English Negative Priming Task
Response Time
Results showed that Spanish-English participants did not respond phonological
competitor probes slower than control probes for all conditions (all ps > .75). In addition, neither
language proficiency nor its interaction between each condition (all ps > .96), indicating L2
English proficiency did not affect the participant’s response times for all conditions.
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Table 12. Mean response time for the mouse click response in the English negative priming task.
Condition

SP-EN

CV-IH

886.4 (216.9)

CV-Control

876.5 (233.5)

Onset-IH

877.6 (205.3)

Onset-Control

880.5 (229.5)

Rime-IH

886.8 (213.1)

Rime-Control

881.7 (233.0)

Unrelated-IH

878.9 (208.4)

Unrelated-Control

883.8 (223.5)

Note. Values in parentheses represent standard deviation. IH= inhibition condition; Control = Neural
Condition

Accuracy
For Spanish-English bilinguals, none of the main or interaction effect reached
significance, all ps> .07.
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Appendix D
Behavioral response data of the English visual world task in Chinese-English, SpanishEnglish bilingual, and English monolinguals
I used the linear mixed modeling (LMM) analysis to evaluate the impact of the language
proficiency and competitor type on the response time and accuracy for different groups. Separate
models were created for the dependent variables. As fixed effects, I entered language proficiency
and object type (with their interaction terms) into the model. As random effects, I had intercepts
for subjects and items as well as by-subject and by-item random slopes for the effect of language
proficiency and object type (with their interaction). The random slopes help to model by-subject
and by-item variability in how language proficiency and object type affects the response time
and accuracy. The phonological unrelated condition was treated as the reference (baseline) and
relative parameters were estimated for CV, onset, and rime conditions. Therefore, one can
determine whether there was a significant difference between each competitor and its control.
Statistical significance (p-values) for individual parameters estimates was assessed using normal
approximation (i.e., treating the t-value as a z-value) (Mirman, 2014).

Response Time
Table 13. Mean response time for mouse click response in English visual world task.
Condition

CH-EN

SP-EN

EN

CV

2155.3 (527.1)

1996.0 (481.5)

1996.2 (500.1)

Onset

2144.6 (517.9)

1979.1 (466.5)

1979.4 (455.5)

Rime

2179.0 (543.6)

1991.6 (483.0)

2005.3 (483.5)

Unrelated

2159.4 (536.5)

1994.9 (497.7)

2000.6 (498.7)

Note. Values in parentheses represent standard deviation.
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In the linear mixed-effects models of response time, there was no significant main effect
of English language proficiency (Estimate = 2.5432, SE = 59.4111, p = .97) on the response time
of Chinese-English bilinguals. In addition, there was no significant effect of object type for each
competitor (CV: Estimate = -52.5973, SE = 2244.55836, p = .98; Onset: Estimate = -86.6536, SE
= 2359.93976, p = .97; Rime: Estimate = -93.9962, SE = 2358.1788, p = .97), suggesting there
were no differences between different competitors and their phonological unrelated controls.
Moreover, the English language proficiency did not interact with each object type (CV: Estimate
= 1.2918, SE = 60.2223, p = .98; Onset: Estimate = 1.5564, SE = 65.0480, p = .98; Rime:
Estimate = 2.5999, SE = 70.7789, p = .97).
For Spanish-English bilinguals, the analysis of response time data showed that language
proficiency did not affect participants’ response times (Estimate = 36.16724, SE = 42.6772, p =
.40). There was no significant effect of object type for each competitor (CV: Estimate = 2596.4810, SE = 2692.4384, p = .33; Onset: Estimate = -2336.2986, SE = 2603.3153, p = .37;
Rime: Estimate = -2473.5233, SE = 2715.4657, p = .36). In addition, there was no interaction
between each object type and English language proficiency on reaction times (all ps > .30).
For English monolinguals, I did not find a significant effect of language proficiency on
the response time (Estimate = 27.9537, SE = 347.3854, p = .94). There was no significant effect
of object type for each competitor (CV: Estimate = -1678.2862, SE = 23025.6072, p = .94;
Onset: Estimate = -1868.0684, SE = 22352.8193, p = .93; Rime: Estimate = -2027.5549, SE =
22635.9768, p = .93). Moreover, there was no interaction between each object type and English
language proficiency on reaction times (all ps > .90).
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Accuracy
The mixed-effects quasi-logistic models were used to analyze the accuracy data. The
empirical logit transformation was used to accommodate the categorical nature of the data
(correct or incorrect responses) in a way that is robust to values at or near the boundaries (0 and
1) (Mirman, 2014). The phonological unrelated condition was treated as the reference (baseline)
and relative parameters were estimated for CV, onset, and rime conditions.
The data and model fits are shown in Figure 12. There was a significant effect of English
language proficiency (Estimate = 0.0042, SE = 0.0010, p < .0001) on the response time of
Chinese-English bilinguals. Moreover, I found a significant effect of CV (Estimate = -0.1429, SE
= 0.0599, p = .017) and rime (Estimate = -0.1206, SE = 0.0599, p = .044), indicating a lower
accuracy for CV and rime conditions than the unrelated condition. However, a main effect of
onset is not significant (Estimate = -0.0283, SE = 0.0597, p = .636), suggesting participants did
not make more errors for the onset condition than for the control condition. In addition, none of
the other interaction effects between English language proficiency and each condition reached
significance (CV × Language Proficiency: Estimate = 0.0017, SE = 0.0013, p = .197; Onset ×
Language Proficiency: Estimate = 0.0006, SE = 0.0013, p = .665; Rime × Language Proficiency:
Estimate = 0.0022, SE = 0.0014, p = .105).
For Spanish-English bilinguals, none of the other main or interaction effects reached
significance, all p > .370. Similarly, for English monolinguals, none of the other main or
interaction effects reached significance, all p > .082.
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Figure 12. Observed accuracy empirical log-odds (symbols) and model fits (lines) for effect of
object condition on the individual difference of English proficiency.
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Appendix E
Behavioral response data of the Chinese visual world task in Chinese-English Bilinguals
Response Time
For Chinese-English bilinguals, none of the main or interaction effects reached
significance, all p > .57.

Table 14. Mean response time for the mouse click response in the Chinese visual world task.
Condition

CV

Onset

Rime

Syllable

Tone

Unrelated

RT (ms)

2509.9

2454.4

2535.8

2464.1

2472.0

2484.9

(581.5)

(589.7)

(686.3)

(592.9)

(549.3)

(572.1)

Note. Values in parentheses represent standard deviation; RT = response time

Accuracy
For Chinese-English bilinguals, none of the main or interaction effects reached
significance, all p > .18.
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Appendix F
Picture norming tasks in Chinese and English
Chinese Picture Norming Tasks
Chinese pictures on the visual world display were black and white line drawings obtained
from the normed picture dataset in Mandarin Chinese reported by Liu, Hao, Li, and Shu (2011),
the Chinese version of the Peabody Picture Vocabulary Test (Lu & Liu, 1998), the International
Picture Naming Database (Székely et al., 2004), a normed picture set in Japanese (Nishimoto,
Ueda, Miyawaki, Une, & Takahashi, 2012), and the Google images database
(https://images.google.com).
Prior to conducting eye-tracking visual world-negative priming experiments, a norming
study was conducted to ensure that all pictures would in fact be equally compatible with the
auditory stimuli they described; five Chinese norming tasks (i.e., name agreement, image
agreement, concept familiarity, image variability, and visual complexity tasks) were
administered to seventy-six Chinese native speakers through Qualtrics and Amazon Mechanical
Turk. In the name agreement task, participants were presented the pictures on a computer screen
and instructed to type the first name that came to their mind via a keyboard. If the percentage of
the name agreement was below 80 % for an item that item was removed from this study. In the
image agreement task, the participants were asked to rate the degree of similarity between the
mental image they generated when given a picture’s name and the actual picture presented. In the
concept familiarity task, they were told to rate the familiarity of the concept of each picture on a
5-point scale (1 = a very unfamiliar object, 5 = a very familiar object) based on their daily life
experience. In the visual complexity task, they were requested to rate the complexity of each
drawing (1 = very simple, 5 = very complex). In the image variability task, they were required to
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rate whether the dominant name of the object evoked few or many different images for that
particular object (1= few images, 5 = many images).
The Chinese norming tasks demonstrated that the target picture did not significantly
differ in percentages of name agreement [F(7, 133) = 0.596, p = .78], image agreement [F(7,
133) = 1.500, p = .17], concept familiarity [F(7, 133) = 1.146, p = .34], visual complexity [F(7,
133) = 0.664, p = .70], and image variability [F(7, 133) = 2.023, p = .06] from competitors in the
visual world task.

Table 15. Summary statistics for five Chinese norming tasks (n = 67).
Measures

Target

Syllable

CV

Onset

Rime

Tone

Control

F(7, 133)

NA

90.8 %

91 %

92.0 %

94.3 %

92.8 %

93 %

91.4%

0.596

(6.27%)

(7.6%)

(7.7%)

(5.6%)

(6.8%)

(7.7%)

(5.7%)

3.9

3.9

4.1

4.1

4.1

4.1

4.0

(0.3)

(0.3)

(0.3)

(0.3)

(0.3)

(0.2)

(0.2)

3.8

3.4

3.5

3.3

3.5

3.9

3.4

(0.6)

(0.9)

(1.0)

(0.9)

(0.9)

(0.8)

(1.0)

2.9

2.8

2.8

2.8

2.7

2.8

2.7

(0.5)

(0.5)

(0.6)

(0.5)

(0.4)

(0.5)

(0.3)

4.1

3.8

4.2

4.0

4.0

4.3

4.0

(0.4)

(0.5)

(0.7)

(0.5)

(0.5)

(0.5)

(0.6)

IA

CF

VC

IV

1.500

1.146

0.664

2.023

Note. Values in parentheses represent standard deviation; NA: name agreement; IA: image agreement;
CF: concept familiarity; VC: visual complexity; IV: image variability.
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English Picture Norming Tasks
English pictures were selected from several normed picture sets (Bonin, Peereman,
Malardier, Méot, & Chalard, 2003; Snodgrass & Vanderwart, 1980), the Picture Name
Verification Test (Dell, Martin, & Schwartz, 2007), the English version of the Peabody Picture
Vocabulary Test (Dunn & Dunn, 1997), the International Picture Naming Database (Székely et
al., 2004), and the Google images database.
Forty-five English native speakers were recruited from UTEP to participate in the English
picture norming tasks. Participants performed five English norming tasks on Qualtrics and
Amazon Mechanical Turk to make sure that English pictures selected for the study had names
we expected them to have. The results of English norming tasks showed that the target picture
did not significantly differ in percentages of name agreement [F(4, 95) = 1.292, p = .28], image
agreement [F(4, 95) = 1.950, p = .11], concept familiarity [F(4, 95) = 0.80, p = .53], visual
complexity [F(4, 95) = 1.348, p = .26], and image variability [F(4, 95) = 1.090, p = .37] from
competitors.

Table 16. Summary statistics for English norming tasks (n = 45).
Measures

Target

CV

Onset

Rime

Control

F(4, 95)

NA

91.0 %
(6.4 %)

92.6 %
(6.2 %)

91.4 %
(6.6 %)

90.2 %
(8.5 %)

94.6 %
(5.7 %)

1.292

IA

4.3
(0.2)

4.3
(0.2)

4.4
(0.2)

4.3
(0.3)

4.5
(0.2)

1.950

CF

4.5
(0.2)

4.5
(0.3)

4.6
(0.2)

4.5
(0.3)

4.6
(0.2)

0.80

VC

2.7
(0.3)

2.5
(0.3)

2.5
(0.3)

2.6
(0.4)

2.7
(0.3)

1.348

IV

3.4
(0.3)

3.2
(0.3)

3.2
(0.2)

3.2
(0.2)

3.2
(0.3)

1.090

Note. Values in parentheses represent standard deviation; NA: name agreement; IA: image agreement;
CF: concept familiarity; VC: visual complexity; IV: image variability.
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Appendix G
Table 17. Stimulus list for the English Experiment.
Item
1

Target
Word
cats

CV
Onset
Rime
Competitor Competitor Competitor
camp
cow
bat

2

bees

beak

bow

peas

tent

hay

cart

3

chips

chin

crab

lips

bride

stairs

rain

4

bow

bone

bags

hole

duck

crown

swan

5

clown

cloud

comb

drown

palm

cheese

trap

6

rose

rope

roof

nose

clock

bomb

queen

7

cake

cage

coat

snake

bird

guns

foot

8

toast

toes

tear

ghost

rings

church

arm

9

seal

seat

sheep

wheel

witch

gate

ears

10

knot

knob

nun

pot

cane

sink

tail

11

purse

pearl

pipe

nurse

soap

dart

glove

12

net

neck

knee

sweat

fan

pills

sword

13

suit

soup

smoke

roots

truck

moon

cross

14

bug

bump

bra

hug

skull

crib

pan

15

bell

belt

bridge

shell

golf

spoon

owl

16

wig

wing

worm

pig

bull

mask

stove

17

steak

stamp

skirt

rake

goat

tie

doll

18

corn

court

cans

horn

thumb

bears

pool

19

ham

hats

hose

lamb

vase

skate

bench

20

knight

knife

nail

kite

chain

pen

slide
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Control
Word
fox

Filler 1

Filler 2

lion

skis

Appendix H
Table 18. Stimulus list for the Chinese Experiment.
Item
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

Target
爐
/lu2/
蹄
/ti2/
蜜
/mi4/
筆
/bi3/
茶
/cha2/
鬍
/hu2/
菇
/hu1/
鼠
/shu3/
肚
/du4/
梨
/li2/
旗
/qi2/
膝
/xi1/
褲
/ku4/
豬
/zhu1/
擠
/ji3/
書
/shu1/
脊
/ji2/
吸
/xi1/
剃
/ti4/
衣
/yi1/

Syllable
鹿
lu4/
梯
/ti1/
米
/mi3/
鼻
/bi2/
叉
/cha1/
虎
/hu3/
鼓
/gu3/
樹
/shu4/
毒
/du2/
栗
/li4/
乞
/qi3/
洗
/xi3/
哭
/ku1/
柱
/zhu4/
寄
/ji4/
薯
/shu3/
雞
/ji1/
洗
/xi3/
踢
/ti1/
椅
/yi3/

CV
輪
/lu:2/
亭
/ting2/
麵
/mian4/
餅
/bing3/
蟬
/chan2/
划
/hua2/
龜
/gui1/
水
/shui3/
舵
/duo4/
鱗
/lin2/
琴
/qin2/
心
/xin1/
筷
/kua4/
磚
/zhuan1/
井
/jing3/
刷
/shua1/
夾
/jia2/
蠍
/xie3/
跳
/tiao4/
鷹
/ying1/

Onset
驢
/lu2/
桃
/tao2/
夢
/meng4/
綁
/bang3/
巢
/nest/
盒
/he2/
鴿
/ge1/
骰
/shai3/
痘
/dou4/
狼
/lang2/
拳
/quan2/
胸
/xiong1/
扣
/kou4/
針
/zhen1/
舉
/ju3/
蛇
/she2/
橘
/ju2/
靴
/xue1/
燙
/tang4/
鴨
/ya1/

Rime
圖
/tu2/
笛
/di2/
幣
/bi4/
擠
/ji3/
耙
/pa2/
竹
/zhu2/
禿
/tu1/
釜
/fu3/
兔
/tu4/
鰭
/qi2/
提
/ti2/
漆
/qi1/
吐
/tu4/
孵
/fu1/
禮
/li3/
珠
/zhu1/
騎
/qi2/
劈
/pi1/
屁
/pi4/
箕
/ji1/
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Tone
棋
/qi2/
蚊
/wen2/
襪
/wa4/
塔
/ta3/
牙
/ya2/
佛
/fo2/
蛙
/wa1/
草
/cao3/
鋸
/ju4/
眉
/mei2/
猴
/hou2/
舟
/zhou1/
跪
/gui4/
龍
/long1/
眼
/yan3/
花
/hua1/
牛
/niu2/
烟
/yan1/
倒
/dao4/
挖
/wa1/

Control
靶
/ba3/
爪
/zhao3/
鯊
/sha1/
燈
/deng1/
腦
/nao3/
箭
/jian4/
蒜
/suan4/
游
/you1/
鞭
/bian1/
棺
/guan2/
浪
/lang4/
簾
/lian2/
鏟
/chan3/
糖
/tang2/
河
/he2/
拍
/pai1/
灶
/zao4/
畫
/hua4/
狗
/gou3/
尺
/chi3/

Filler 1
蝦
/xia1/
盾
/dun4/
弓
/gong1/
扇
/shan4/
炮
/pao4/
切
/qie1/
錨
/mao2/
蠶
/can2/
網
/wang3/
筍
/sun3/
鯨
/jing1/
睡
/shui4/
鎚
/chui2/
表
/biao3/
擦
/ca1/
球
/qiu2/
腿
/tui3/
牆
/qiang2/
泉
/quan2/
帽
/mao4/

Filler 2
蔥
/cong1/
腎
/shen4/
腸
/chang2/
葉
/ye4/
鏡
/jing4/
吹
/qian1/
藤
/teng2/
舌
/she2/
影
/ying3/
堡
/bao3/
追
/zhui1/
廟
/miao4/
扶
/fu2/
紙
/zhi3/
鉤
/gou1/
鞋
/xie2/
鰻
/man2/
籃
/lan2/
樓
/lou2/
鳳
/feng4/
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